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FOREWORD -

This report was prepared to document experimental studies of the
ﬁ;eezing phenoména attending the free expansiqn of cryogenic liquids,
aéeciﬁcally h&drogen and nitrogen, to preésures below the triple
pqint pressure. Documented are two separate blocks of tests with
sé¢parate objectives. The tests were performed during September

1961 and intermittant periods during 1962.
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' SUMMARY

Two éxperimental, stﬁdics are: documented in this report. The first

is inainly concerned with photpgéaphically recording the freezing
‘phenomena associated with; an exﬁansion to pressures below the triple
point using varioxis rﬁ\‘xockups of actual Centaur hardware. The second
study deals with the flow cilarj&cteristics of liquid hycirogen and nitrogen
through simulated micro~met¢orite punctures in 0.010" thick stainless
steel into a pressure environment below the triple point pressure.
Specifically, tbe coefﬁcieni: of di#charge associated with incompressible,
ideal fluid flow was measuted, apd the effect of the freezing of the

liquid on the flow was e‘valuatéd, The results of each study are given

kindfependently in the respective subsections.

A large percentage of the experimental results was obtained via high-
speed 16 MM movie film. A listing of the film record, as well as
its location, is given for each test block. Specific scenes are included

in the report to give an indication of what is contained in the film record.

A therquynamic analysis %waim mad§ of the freezing phenomena to
provide éuantitative concurrexice‘with that which was observed. This
analygia }s givén in the Ap;g;en?iix along with development problems
«encouﬁtai‘ed with the jMi;:rqoMeteorite Puncture Leakage Study test

fixtures.
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INTRODUCTION

The usé offcryog;a;l“ié- l.il;uids‘as spa;:é véhicle propellantéwl;a:s

| been accomp#niéd By difficult state-of-the-art type problems
affecting tKe opei'ation?of the vehicle in free space. One of these
problems is the freézihg phenomenon associated with the free
expansion of a cryogenic liquid (or c;,old gas) to an environment
where the prevasﬁre:is‘%below its triple point pressure. Areas of

" uncertainty exist in pa‘:‘rameters which control the freezing and the
general phenomenon itéeli. In order to be able to evaluate the
associated problémb fér any location where freezing might occur,
‘ the basic phenomgnm} ?,nd its effects r;u_zst be -known. In orﬁder‘ o
to have a better und;ara;tanding of the problems as associated with
the Centaur vehicle, tl;e tests documented in this report were
pérformed. Attemﬁts were made fo simulate actual Centaur
hardware as well aa_: to investigate the visible phenomena associated

with various expansion configurations.

¢
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HYJDRQGENAND NITROGEN TESTS OF THE GENERAL FREEZING

PHENOMENON ASSOCIATED WITH A FREE EXPANSION

Early in the Centaur vehicle kdevelopment phase, the ignition

~ of the main engines was immediately proceeded by a pre-start

chilldown sequence which dumped okygen directly into the Atlas/

Centaur Interﬁtage Adapter. Hydrogfen was dumped overboard

through‘the walls of thé adapter through approximately a one~
inch diameter duct. T}lis chilldown sequence carried over into
the Centaur staging :Beciguence, During staging, the hydrogen
overboard vent line .di’s’iconnected near the walls of the adapter.
At this time, liquid ihydtrogen was most probably being dumped

into the oxygen-filled interstage adapter, which was now in a

-near vacuum pressure condition.

No information was available as to whether or not a combustible

mixture was present of in what form the escaping hydrogen would

~assume when expanded to such a low pressure. Analytically it

. could be determined that a large portion of the liquid hydrogen

would freeze, but the form it would take was a matter of conjecture.

It was considered pdss{bla that, as the freezing phenomenon took
‘ place, oxygen could be ‘entrapped with the hydrogen, forming a

_potentially dangerous mixture.
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This block of testing, described below, further investigates this

situation and the general Ireeiing phenomena produced by an expanaion‘;

to very low pressures.

A, Test Objectives

1. Study and phdiOgraph the freezing phenomena attending
the free e#paﬁsion of liquid hydrogen and liquid nitrogen,
with various é:xpansion configurations, to pressures
below the triéle point pressures,

2., Evaluate the freezing phenomenon associated with the
venting of LH; into the Centaur/Atlas interstage adapter
during the Ce;taur in flight pre-start chilldown sequencé,‘ |

No attempt was made to simulate the thermal environment.

B, Test Apparatus

The apparatus was arranged as is shown in Figure 1 and
consisted of:
1, The Aerophysics Laboratory Altitude Chamber which is
capable of ,ap;éroxix;?ately 85 statute mile altitude pressure
~ simulation (4 x 1073MM Hg); it is not capable of thermal

simulaﬁon.
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2. Pneumatically-operated one-inch Anin valve with associ-
ated helium system and 4-way solenoid control valve,

3. Stainless steel hydrogen reservoir of a.pproxima.taly
0.25 ft3 capacity. This was necessary to allow closing
of the vent valve during testing to avoid the hazard of a
possible combustible Hy-O, mixture in the chamber.

4. One-inch diameter (nominal) LH, ducting.

5. Necessary pressure gauges.

6. A mylar catch surface to accumulate solid. “This would
slow down the sublimation rate and prolong the test run
time. The test was terminated when the tank pressure
‘roae from ite initial value to above 0.9939 psia, the H,
triple point.

7. Variable orifice configuration (see Figure 2).

C. Scope of Testing

1. In support of Test Objective 1 the following orifice inserts
or configurations were tested with LH;, and/or LNj:
{(a) The one-inch diameter exit of the Anin valve without
the attached flange with LH; and LN, (Orifice No. 0);
(b) The following orifice inserts with dimensions as shown

in Figure 3:



Orifice (L)
No. Orifice

Liength
In Inches
2 2.0
3 2.0
4 2.0
*
6.0
5 0. 0468
6 0.0625

GD/A 63-0832
27 August 1963

(D) L/D
Orifice
Diameter
In Inches
0.43 4. 65
0.18 11.1
0.18 11.1
0.25 24.0
0.50 0.09
{0.125 ea.

T holes~6
on al/4"

radius. Like
a showerhead.)

* Used together - see Figure 3(a).

Material

S. S.
8. 8.
8.S.

plastic

plex-hose

alum.

8. 8.

Wall
Thickness
(if a cap-~
illary tube)
0.035"
0.035"

0.035"

- e e on W e

Fluid
Used

LN,/LH,
LN,/LH,

LN,

LH

LH

Several more orifice inserts of different materials were made up but not

tested.

It was thought that much more could be gained if the piece tested

was transparent, since it was observed that different materials of the same

orifice size exhibited (visually) essentially the same phenomena.

However,

other priority tests using the altitude chamber prematurely concluded the

teats for this block.
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(c) The following miscellaneous orifice configurations were
tested:
(1) A short section of 3/4" (nominal) tubing attached
to the orifice flange and capped on the bottom
end with the top nut loose (See Figure 4(a) .
(2) A mock~up of a non-propulsive vent (6-1/8" diam~
eter holes drilled dia;metrically opposite in a nominal
1'"" bulkhegad fitting with a cap). See Figure 4(b) ;
(It was tested with LHj3.)
(3) Nozzle for the GD/A Zero-"G" separator {0.029
in® throat area . See Figure 4(c). (It was tested
with LH,.)
2. In support of Test Objective 2, the following tests were
performed:

(a) A mockup of the Centaur interstage adapter with a sec-
tion of the "Z' shaped reinforcement member attached
was constructed in simulation of the actual Centaur
configuration. Stainless steel and aluminum tubing
were placed across the mylar surface directly belc;w
the orifice tb determine if a solid sheet of frozen hy-

drogen or nitrogen would build up on them. See

Figure 5(a). They were tested as follows:

7
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Orifice Fluid Tubes
No. Used Usged
(X)
0 I..N2
., 2 L.N2 X
3 LNZ X
0 I..H2 X
(b) Orifice No. 5 was directed at two thin metal sheets,

0.9032 thick aluminum and 0. 010 thick stainless steel,
which represented the interstage adapter wall and Atlas
forward bulkhead, The purpose was to determine: (1) if
solid H2 would adhere to the wall; and (2) the length

of impinging time required for the solid to first appear

See Figure 5(b) .

Test Results

The procedure during the tests was to photographically record the
freezing phenomena. As a result, most of the test results are re-
corded on movie film. Specific scenes are shown in Figures 6, 7 and

8. A listing of the film record is given in a following subsection.

In general, the visually observed results of the tests described above
indicated that when a cryogenic liquid was freely expanded to a state

where the pressure was below its triple point pressure, it flashed
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into a gas. In order to make the transition, however, it must have
been supplied with the necessary ""heat of vaporization'. Because the
expansion occurred very rapidly, heat was essentially unavailable
from exterior sources. Therefore, the liquid which flagshed absorbed
heat from the neighboring liquid. The result was that a small per-
centage of the liquid vaporized, and in doing so, froze the remainder.
The author feels that the expansion caused the liquid to first break

up into tiny droplets which in turn vaporized from their outside surfaces
and thereby froze the interior liquid. This is because the form the
solid produced from expanding through a large hole was that of a
myriad of tiny particles resembling a heavy mist, as shown in Figure
6. This form was affected by: (a) the hole size (diameter and length),
(b) the available heat flux from the surroundings, and (c) the pressure

drop across the hole.

When the hole size was small and had a large L/D ratio, the form of

the solid produced was that of a crystalline extrusion.

Both of these situations occurred only when the latent heat necessary

to vaporize all of the liquid expanding through the hole was not avail-
able from the surroundings. The configurations tested produced solid

as soon as the valve was opened. The valve, however, was chilled

to near liquid temperatures at this time. In general, when the surround-

ings were unable to supply the heat necessary to allow all of the

9
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expanding liquid to vaporize, solid would begin to appear.

The use of different materiale in place of stainless steel for the same
expansion configuration essentially affected only the available heat

flux. After equilibrium was achieved, or in other words, after the
available heat was essentially absorbed, the freezing phenomena was

the same for any material. Materials iz; the vicinity of the solid spray
{(mist) and oriented sv_.xch that the spray impingad upon them were

chilled to a point where a solid sheet began to build up as the spray
continued. The length of impinging time required before a solid sheet
began to appear depended on (a) the fluid being expanded, (b) the material
being impinged upon and its surroundings, and (c) the separation and

orientation of the material with respect to the jet.

For the interstage adapter mockup and the stainless steel and aluminum
tubing at the distances indicated in Figure 5(a), the impinging time
required was 'approximately 5 to 10 seconds for hydrogen and 15 to

20 seconds for nitrogen. For the stainless steel and aluminum sheets
shown in Figure 5(b) tested with LH#. the impinging time for the stain-

less was about 5 to 6 seconds and for the aluminum was 10 to 15 seconds,

Film Record

The usable film of the hydrogen expansion studies in this block of

testing has been edited, compiled and separated with titles into one

10
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film reel entitled ""Liquid Hydrogen Expansion Test''. This is kept
on file by the Métion Pictures and Television Group, Dept. 120-4.
The originals of all the film taken in this block of testing are also

kept on file by the same Department under the general title of

"Vacuum Valve Test''.

11
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1 inch dia. valve throat

Anin Valve Body

m , Anin Valve Flange

Attached Flange For

i
bt
bt

Orifice Inserts

T

/ wayy Welded Half of Nominal
Cap Holding 3/4'" Bulkhead Fitting

Orifice Insert

Bulkhead Fitting

Cap Nut

Orifice Ingert
(See Figure 3 for Combina-~
Section A-A tions)

FIGURE 2

Variable Orifice Configuration
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Orifice Insert General Schematic
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FIGURE 3b
Insert #4 Schematic
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Anin Valve Body

T T

3
"2
l

e m oond]

i

\ Welded Half of 3/4"

b

R

Loose "'B" Bulkhead Fitting

Nut

(Leaks Around \~

Threads) 3/4" Nominal O.D. Tubing (S.8.)

FIGURE 4a
Line Leakage Situation

Anin Valve Body

‘ki} , 6-1/8" Dia. Holes Drilled

{f:} é)/ Diametrically Opposite
\. Capped ""B'" Nut

FIGURE 4b
Non-Propulsive Vent Mockup Schematic
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Valve Body

\ | _~— Valve Body
. 4
Aluminum
T L
Support //\ =] Sheet
/"’Frame‘\ {0.032" thick)
0.035" 12 | —Reinforce-
. wall ™\ }E%"’/r ment
5.8. " Member
1" dia. Mylar ™ 36— (See detail
L Catch - |R& %« below)
Burface ~
I™N_0.049" waul
Side View ' Al, 1'" dia. Front View
FIGURE 5a
Adapter Mockup
i
ok
J.ﬁ ost”
Anin Valve With osilf  1I°F
/’ Orifice Insert T ‘mﬁ )
il 0.032(AL)
0.010" g ‘
Thick //\ f 0.032" Thick Detail of
Stain},esa_\ . / Aluminum Sheet Reinforcement Member
\ ~ P \
Steel .
Sheet
Support
Frame ~ ™%
S~ Mylar Catch

Surface

Figure 5b
Adhesion Test Schematic

RSO
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FIGURE ¥ FIGURE ¢
Solid Buildup on Mylar Surface From Solid Spray From 1 Inch Valve Exit
The Spray From 1" Valve Exit

(24 fx/sec) (24 £x/sac)

FIGURE 8
Nozzle For GDJ/A ‘Zerowg' Separaior
(24 fx/sac)

18
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11, MICRO-METEORITE PUNCTURE LEAKAGE TESTS

Because the missions of the Centaur vehicle require that it operate
for prolonged periods of time in space, there is a high probability

of puncture of the fuel tank ekin, because of its large exposed area,

by hypervelocity meteorite particles. Recovered sections of an

Atlas missile have shown impacts and penetrations of the LOX tank skin
by high-speed particles {References 1, 6, 7). In view of this, it is
desirable to be able to accurately predict the fuel losses associated
with punctures of thin gauge material (0.010" thick 5.8.) by high-
velocity particles in a low pressure environment., Statistical analyses
by General Dynamics/Astronautics (GD/A) of the meteroid hazax:d

to the Centaur vehicle (References 2, 3, and 4), using the available
data on the meteorite flux (velocity, mass, and spacial distribution),
have predicted the range of penetration area for a single puncture

as 1.38 x 1076 to 0. 42 in%, with the average puncture area of 4. 18 x
10°3 in%. This is equivalent to a circular hole with diameter raages
of 0.001 in. to 0.732 in., with an average diameter of 0.023 in.
There is some question as to the relationship between meteorite
particle ;ize and velocity, the puncture area produced in a given
thickness material, and the smallest mass which will penetrate a given
thickness. In fact, there is a great deal of uncertainty in all areas
associated with the meteorite problem. The most uncertainty, how-

ever, is associated with the meteorite flux.

19
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‘ T &2

The Materials jR.eéea‘i:c:l:xf Gmoup at GD/A is conducting an extensive

3

D N S—— T g e et s

' research program on hypervehacity impact on thin gauge materials

both pressumzad and}unpressnrmed Reference 5, and hag produced
for,the authdr g ra§ng§ o£ sizes of hypervelocity punctures in 0.010"
thiék stainless ‘ste’el fior ;thié siudy. The particle velocity was between
8, 000 ;a,nd 10, 000 ft/ s,ec.% of 4130 steel, 0.020" dia. pellets. Photo~
micrographa cafi th@seiholes ,aré shown in Figures 11l(a) through 11(d).
Drillet:i holes of similar Tsizes are shown in Figures 11{e) and 11(f).
Cross secztidnai views of a drilled hole and a hypervelacity puncture

are shown in Figures 11{g) and 11(h).

_In order to be able to mare acgurately predict the fuel logses on - -
Centaur missions due to meteorite punctures, the block of tests des-

criﬁed below were performed.

A. Test Otgjectives

1. Determine thé flow rate and the coefficient of discharge
associated with incompressible ideal fluid flow for simulated
hypérvelo;:ity pﬁncturés of the Centaur fuel tank (0.010"
thick stainleos Qteel) for hole size ranging from apprommately
0 001” dia,m&ter to 0.050" diameter. Testing of significantly
larger hoLes was considered unnecessary since they would

e:ither reault in catastrophm failure or excessive fuel losses.

20
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The freezing phenoménon associated with larger holes has
been tested in a previous test block, See Section II, k/

To evaluate the freezing phenomenon associated wih these
small holes and to determine if the holes will be plugged

by the formation of solid.

Test Apparatus

The apparatus was arranged as shown in Figures 8(a), 8(b),

8(c) and 8(d) and consisted of the following:

1.

The Aerophysics Laboratory Altitude Chamber which is
capable of approximately 85 statute mile altitude pressure

gimulation (1 x 10°2

mmHg); it is not capable of thermal
altitude simulation.

A pyrex and stainless steel dewar (details of construction

and development program are given in the Appendix), which
is structurally capable of 100 psig internal pressure. Inserts
of simulated punctures were attached to the bottom flange,

as shown in Figure 10. It was insulated to reduce heat input
and had a transparent section, except at the flanges, so that
the liquid head above the puncture could be observed.

A constant strength 4130 alloy steel, heat treated load beam,
capable of supporting approximately a 100-lb load and deflect-

ing (linearly) approximately 3/8" for a change in load of 2

1bs. The tota.l mass of liquid hydrogen when the dewar was
‘ 21
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full was approximately 2 lbs, Yield stress = 115,000 psi .
and Rockwell hardheas = 30.

Cresent one;inéh deflection linear transducer with resistance
network a‘nd;Moaley Recorder. The system was ﬁalibrated
for change in weight, versus displacement. The recorder
gave displacement versus time, the net result being flow rate.
The accuracy of the system was a function of the calibration
of £he recorder and the hysteresis of the load beam.

One-~-half inch bellows type ﬂex-hoses and stainless steel
transfer lines.

Required valving (Jamesbury - 1/4 turn cryogenic valves)

and pressure gauges.

Scope of Testing

The following simulated puncture holes or configurations were

tested:

22
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. ) (a‘pprox‘.v)”
Specimen Hole Size Type of Sheet Sheet Figure Fluid
No. (in) Hole Material Thickness Number Used
Impact Reverse . (in)
Side Side ;
1 0.020 0.004 hyper- §. S. 0.010 11(a)  LH,
' x 0.010 velocity
2 0.027  0.027 hyper-  S. S. 0.010 11(b)  LH,
: velocity
3 0.020 0.020 hyper- 8. S. 0.010 11{c)  LH,
velocity
4 0.013  0.004 hyger- S. S. 0.010 11{d) LH, &
velocity LNZ
5 0.014 0.014 drilled  S. 8. 0.010 11{e)  LH,
(#80
drill)
6 0.048  0.048 drilled  S. S. 0.010 11(£) LH,
(#56
drill)
7 0.014 0.014 drilled  plexi~ 0. 375 11(j) LN,
(#80 glass
drill)

Figures 11(a) thru 11(f) were enlarged 24 times actual size. Impact velocity
was between 8, 000 and 10, 000 ft/sec for punctures shown in Figures 1ll{c)

thru 11{f).

.23
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Test Results

The experimental measurements of the flow rate and subsequent

calculations of the coefficient of discharge associated with

- incompressible ideal fluid flow for the various hole sizes

‘tested are shown in Table 1. The coefficient of discharge

is plotted as a function of approximate hole diameter in

Figure 12. An anaiysis of Table I and Figure 12 shows

a considerable st:at?er in the results for a single hole.

Errors could have been introduced from the following sources:

(1) Inaccuracies of the measuring system caused by hysteresis
of the load beam, the calibration range of the recorder,
and the non-linearity of output from the transducer.
When the systerm was calibrated for full-scale recorder
reading for a change in load of 800 grams (approxi-
mately 2.0 lbs), the accuracy was approximately
50~60%. For a similar full scale reading for 400 grams,
the accuracy was about 25-30%.

(2) The variations of the jet thrust of the fluid escaping
through the hole with changes in dewar internal pressure.
The change in magnitude of the thrust was approximately
the same order of inagnitude as the mass flow rate when

the change in the dewar internal pressure was about

24
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75-100 paid. The thrust was calculated assuming ideal
incompressi&ble} flow.

(3) ‘The efiect of liéuid hydrogen temperature on the calibra-
tion and the resistance to vertical motion of the dewar
offered by the a%,ttached fill and vent lines. The system
wag calibrated at atmospheric conditions and, under
these conditions, the restraints offered negligible re~
sistance when pressurized or unpressurized.

(4) Small particles of foreign material in the liquid. In
the test with the 0.027'' diameter hole, small particles
were abserved in the dewar after the test.

(5) The surface roughness of the holes which could cause
solid hydrogen to accumulate at various points around
the perimeter of the hole and thereby varying the effec-
tive hole area for the various tests of the same hole
specimen.

Based on the results shown in Table I, it ig not possible

to establish exac@ values for the coefficient of discharge

for the hole sizes tésted, but only to indicate approximate

ones and general trénds. The dotted line on Figure 12

represents what the data indicates to be the equilibrium

conditions. Additional test points are needed to complete the
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curve in Figure 12. However, priority needs for LHZ

prematurely terminated the tests.

Generally there is a trend for a decreasing coefficient of
discharge with time and decreasing hole size. The test data
in Table I is arranged in consecutive order with respect

to time., This may be indicative of decreasing effective area
due to solid accumulation in the hole as the fixture chills
down. The later values in each test block should be more
representative of the equilibrium state. On Figure 12 a

dip in the coefficient of discharge is indicated in the hole
size range of about 0.020" to 0.030". This could be due to
increased turbulence because of the transition in flow

phenomenon.

The hole size has a very definite affect on the freezing
phenomenon which affects the flow rate and consequently the
coefficient of digscharge. For holes larger than approxi-
mately 0. 020" to 0.030" diameter, the solid. appeared in

- a mist of very minute particles and there was a continuous
flow of mass (See Figure 15 for a photograph of flow from an
0. 048" diameter drilled hole). For hole sizes less than about

0.020" to 0.030" diameter, the flow was no longer continuous,
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but was made up of gas and small, solid pellets of approxi-
mately the same siZe as the hole. These pellets apparentiy
were formed by successively building up in the hole and being
blown out by the pressure difference across the hole.

(See Figures 13 and 14). If the flow measuring system was
sénsitive enough, the recorded flow should be step functions
under these conditidns. The transition in flow phenomenon
occured at approximately 0.020" to 0.030'" diameter, where
there was a cémbination of pellets and spray mist as shown
in Figure 16. For very small holes (see test #11 in Table 1
for a 0.004" diameter hole test results), there was no
visible or measurable flow by the methods used until a
definite AP across the hole was reached. For specimen
#6 this was about 30 psid. When the hole size was such that
pellets were produced, the size of the particles decreased
as the AP across the hole increased, i.e., they tended to
approach the spray mist configuration associated with the

larger holes.

For the very small holes the complete plugging could be
maintained for any extended length of time, as was observed,
if: (1) the solid end of the plug exposed to the low pressure

sublimed and consequently froze more liquid on the end
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DL

3

immersed in 1iquid,f or in other words, an actual mass

flow was maintained; or, (2) impurities or foreign matérial
such as H,0 or metal bits existed in the LH, or LN, which
could lodge in the h{ole. It should .be pointed out that the above
discussion of the variation of flow configuration with hole

size was determined only for a 0.010" thick plate. Further
experiments should be conducted to determine if the same

applies for thicker plates.

If the length of the Hole is large for the very small holes
(large L/D ratio), the flow will be in the form of intermittant
solid extrusions. This is seen in Figure 16 where flow occurred

through a crack in a 3/4" wall plexiglass dewar.

In all cases a coefficient of discharge of 0.6 or 0.7 appears
to be conservative in estimating the fuel losses in space due
to meteorite punctures. For very small holes the coefficient
of discharge is lower because of the fluctuating flow due to
intermittant plugging of the hole by the solid formation.

For holes less than 0.020" diameter in 0.010" thick material,
use of a coefficient of élis;:harge of about 0.3 or 0.4 would

be realistic.
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Fi\lm Record

Representative sections of the film for this block of the
testing has been compiled, edited, and separated with titles
into a one-reel film entitled, "Micro-Meteorite Puncture
Leakage Study''. This is kept on file by the Motion Pictures
and Television Group, Department 120-4. The originals

of all the film taken in this block of testing, filed by reel
number as defined in Table 1, is also kept on file by the same

group under the general title of '"Micro-Meteorite Study''.
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FIGURE 9(a})
Test Setup
Rear View
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FIGURE 9(b}
Test Setup
Froat View -
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FIGURE 9(c}
Test Setup
Bottom View
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Pyrex Glass
Pipe
6" 1.D.)

< : ‘ ' ™ Retaining
Bolts

/@- 1/4"
dia. )
Dewé,r :

Bottom Flange
/?;:‘ 8.)

/\
I%:

)
41 7{
~,

Pundture Insert with
Hole to be Tested
(0.010" 8.8)

Stainless Steel
Flange to Hold
Ingert in Place

FIGQURE 10
Attachment of Puncture Specimen Insert
(Crossectionally)
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Impact Side . | Reverge Sid@

FIGURE 1l{a}
Specimen Puncture #1

Impact Side | Reverse Side

FIGURE 1i{b} .
Specimen Puncture #2
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Reverse Side

FIGURE 1l{c}
Specimen Punctuze #3

Impact Side Reverse Side

FIGURE 11{d}
Specimen Puncture #4
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Impact Side Reverse Side

{side which FIGURE 1l{e}
drill entered} Specimen Puncture #5

Reverse Side

(side which drill
entered} FIGURE 11{f}

Specimen Puncture #6
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FIGURE 1l(g)}
Gmss«%mm n of a Drilled Hole of Same Size as Specimen Puncture #5
{Dia = 0.014; Magification = 100X}

FIGURE 11(b)}
Cross-Section of Hyper~Velocity Puncture

{Dia = 0.018"; Magification = 100X}
Impact v@xmm & 10, 000 ft/sec
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RE 13}
Pleni~Glass Test Dewar (Specimen #7)
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FIGURE 13
Specimen Puactu:
{0.014 dia. }
Successive Frames at 128 {r/sec Suowing Pellet Formation -
Arrow Shows Pellet Streak
473
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FIGURE 14
Pellet Formed From Spscimen Puncture #5
(24 iz/sec)

1

FIGURE 15
Spray From Specimen Puncture #6
Building Up Solid Hp on Mylar Tape
(128 £x/sec)
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v Figure 16
Pollet and Spray From Specimen Puncture #3 (0. 030" diaj
rrow Indicates Pellet, ilines Show Spray Coue (400 {rfsec)

A

Peing Extruded From Cracks in a 3/47 Wall Plexiglass Dewar
(€00 fx/sec)
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CONCLUSIONS AND RECOMMENDA.TIONS

The need for an understanding of the freezing phenomena associated
with the free expansion of a cryogenic liquid or a cold gas to

a state where the pre#aure is below its triple point pressure has
occured for specific configurations in the design of the Centaur
vehicle and will continue to occur frequently in the design of
vehicles which are designed to operate in the space environmént.
The areas of experimental investigation discussed in this report
represent only a small sample of the gituations where this freez-
ing phenomena should be taken into consideration in the design.
Perhaps many designers are not aware of the problems which
could arise which will affect the operation of mechanisms under
these conditions. For example, freezing in vehicle vent lines

or the solid leakage past liquid propellant relief valves in space
could cause propellant tank overpressurization or seriously
affect the operation of sophisticated vent devices such as the

"zero~-g' liquid-gas separator for the Centaur fuel tank.

There is a great need for basic research to determine basic
properties of the solids produced such as thermal conductivity,
surface thermal resistance, heat capacity, etc. and many other
properties or characteristics not’hormally determined such as
what makes the solid stick to or unstick from a surface. These |

are needed in order to be able to analytically determine if problems
' 46
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exist in any configuration where {reezing might occur. For the
many possible problem areas, an infinite amount of testing could
be done attempting to simulate conditions and hardware. Much
more could be gained if sufficient basic repearch was done by
groups with the necessary facilities and understan ding of the
phenomena. An example of such a group is the National Bureau

of 8tandards at Boulder, Colorado.

The author has postulated the folléwing description of the process
which produces at eéuilibrium the observed form of the solid

in the expé,nsion: Ag the liquid expands through a hole, it first
breaks up into a myriad of tiny droplets. A fraction of the

liquid on the droplet surface vaporizes, using the remaining
liquid in the droplet as the source of the required heat of vapori-
vzation. The result is that most of the liquid i;x each droplet
freezes. The size of the droplet is a function of the pressures
which control the expansion. If the size of ihe hole is sufficiently
small, the distance between the solid particles thus produced

is small and they will collide with one another thereby producing
larger sized particles which could accumulate in pockets and
crevasses along the walls of the hole. In this manner the crystalline

extrusions which were observed cbuld be formed.
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Because this is only conjecture, it is recommended that further

basic experiments be performed to determine exactly what is

taking place and to establish definitely the basic governing

parameters.

From a quantitative point of View. the results of the thermodynamic

analysis in the appendix appeared to agree very nearly with the

observed phenomena. That is, under the test conditions it appeared

that approximately 80% of the liquid escaping through the hole was

frozen by the vaporization of the other 20%.
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Vi. APPENDIX

A. Thermodynamic Analysis of Freezing Phenomena

[
dv * 5,
/ ol Qba@oo Ny
@ 8 -
Q ke ”%190 Qoa ®» o o]
-

s g O [a)
o0 % 0 0 o, © - %/ °
] o 2
i 0 Ooooo
o
o 000 o ©
. z‘

System: Elemental volume 4V of constant mass;
A closed system in two states:
State 1) A liquid and/or a gas
State 2) A solid and/or a gas
Assumptions: (1) perfectly free expansion (to absolute zero
pressure; P2 = 0)
{2) thermal equilibrium between the system and
its surroundings
(3) velocity effects can be neglected
First Law of Thermodynamics for a closed System:
Q.2 =~ Wu(l-2) = AUI’Z (1)
but, Q;_, = 0. This is after the walls are chilled to the
liquid temperature. The expansion i8 so rapid that there

is not time for significant heat transfer from the surroundings.
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Wu(k2) = 0 There is no work done on or by

a free expansion.

Therefore AUI-Z = 0 (2)

or U, = U, (total internal energy is unchanged)
'but Ul = Ugl + Ull = (Mu,)gl + (Mu)ll

and U, = U32+ ng = (Mu)sz+ (.Mu)gz

or (Mu)gl + (Mu)ll = (M{u)82 + (Mu)82 (3)

To put equation (3) in a more useable form, add and subtract

Mgz usz and Mgl ull

- = M
Mgl ull Mgl u11+ Mgl ug1+ Mll ul1 SZ u82+

Mg2 ug2 + Mgz usz - Mgz uSZ

or M {u ) = M_ (u, =~-u_ }+
g1

- + M M
g ") Ty Myt Mgy) g2 82 8
M, +M
but M = M, +M = M_ + M
and ugl -u = Internal energy heat of vaporization at state (1)
1
= Auv1
ugz - us = Internal energy heat of sublimation at state (2)
2
= Avu
%2
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e uBZ = pseudo-internal energy heat of fusion

= Aug(1.2)
THEREFORE:

Mgl (Auvl) + MT (Au‘“-z)) = Mgz (Ausz)

If it was all liquid at state 1, Mg = 0
- 1

?hen Mgz _ Auf( 1-2)
MT Ausz

since v = h - pv; Au =Ah - A(Ev)
J ' J

Mgz Abgy gy - Ail:’J—"-)f(l-Z)

My Ah

Alpvls, Ah
T

32 - 82

To solve for M_ _, add and subtract M_ u dM_ wu
sz a and suptitrac SZ ugz an gl 12

M
x

to equation (3)

Abgy_2)

h M M + M - = M - 4
then ull { g1 + 11) g1 (u.gl ull) s, (u82 ugz)
M +M

ugz( g2 82)
or Mgl (Auvl) + (Mp (Auyy.zy) = Msz (Ausz)
if M = 0,

. g1
Ms2 } Lugy.2) Aboy 2
h
M As,, An,

52
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Micro-Meteorite Puncture Leakage Study Test Fixtures

Development Problems

The pyrex glass and stainless steel dewar which serves as
a reservoir and allows the liquid head above the hole specimens
to be visually observed was the major item requiring special
construction. The major parts are a 6'"' 1. D, pyrex pipe
approximately 2 ft. long sealed on the ends with 1" thick

321 stainless steel flanges. The necessity of being able

to observe the liquid above the hole was shown in the general
freezing phenomena tests. It was believed that gas pockets
in the lines and not the freezing caused the flow fluctuation,

but with an opaque apparatus, it could not be determined.

The major problem in construction of the dewar was to obtain
a glass-to-metal seal which would have negligible leakage

up to at least 100 psi A P across the seal and still be com-
patible with liquid hydrogen temperatures. This was obtained
wif:h highly finished contact surfaces and the use of thin
(0.015" thick) teflon seals which were loaded in compression
by approximately 4000 lbs. Because the pyrex glass will
sustain very little shear 103.:1, a special loading mechanism

was conceived and built which loaded the glass in almost

pure compression. Allowances had to be made for the change
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in dimensions and properties of the materials used at LH;

temperatures.

The dewar was pressure tested with HyO at atmospheric
conditions #nd pressure tested by the liquid boil-off at LN,

- and LH, temperatures. The dewar was found to have negligible
leakage under these conditions. Photographs taken during

the development are shown in Figures 18 and 19.

The need for such a reservoir was expressed by others
involved in experimental testing and should find use in

subsequent tests.

Other problems which had to be overcome were (1) the
"Bourdon tube effect' of the attachéd flex-hoses used for

fill and vent lines. (The hoses tended to straighten out when
pressurized. This was overcome by plac»ing them opposite
each other, thus causing them to cancei each other's effect.)
(2) the variation in jet thrust with dewar internal pressure
produced by th; expanding liquid. This was effectively
kept to a minimum by insulating the dewar from the heat

source (the vacuum tank).
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_ FIGURE 18
Pressure Proof Testing Set-Up With LHjp & LN,
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